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Ultraviolet light amplification within a nanometer-sized layer
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Light amplification in the ultraviolet region is confirmed in mixed rubidium-cesium chloride crystals at room
temperature. The probe laser light, which falls on the 275-nm band of Auger-free luminegs&&hgearising
from radiative transition of the CI 3 valence electrons into the Cgp&ore holes, is enhanced in intensity
when the deep-lying Rbplcore electrons are pumped into the conduction band by undulator radiation from an
electron storage ring. The obtained enhancement factor roughly corresponds to an amplification coefficient of
7%x10° cm™ !, which is much higher than those of typical solid-state lasers. It is emphasized that the ampli-
fication of AFL occurs in a surface layer as thin as about 20 nm, and that the inverted population between the
valence and core bands is realized with any pump power. The present observation provides us with a new
possibility of nanolaser fabrication.
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Nanometer-sized laser&anolasers have recently at- radiative transitions from the valence band to the outermost-
tracted a great deal of attention. From a scientific aspeatore band is observed in a wide spectral range from 160 to
these lasers present interesting quantum-mechanical ph400 nm, without engendering Auger electrons. This specific
nomena such as the quantum confinement effect oluminescence is induced by the excitation with phofdrer
threshold-less laser oscillation. From an application aspealectron beam$,and has been named Auger-free lumines-
nanolasers are expected to be a key element in realizing arence(AFL).® The AFL is characterized by a relatively high
optical computer on a single semiconductor chip or inteyield and a high-temperature stabily.
grated optical fiber communication devices. The main trend Because both the valence and core bands are fully popu-
of developing such lasers is now directed to semiconductolated in thermal equilibrium, the population inversion be-
lasers: tween these two bands will easily occur with any intensity of

Solid-state laser materials including various types ofexcitation through which some emptiiole) states are cre-
semiconductors have been intensively investigated, revealingted in the lower core band. This means that AFL material is
their practical usefulness, e.g., the ease of handling and da good candidate for efficient laser-active materials. In con-
rability from optical and mechanical points of view. Com- trast to the usual solid-state lasers where active components
pared to the development of solid-state lasers emitting waveare impurities doped into host materials, the active compo-
lengths of light extending from 450 nm in the blue to Lt nent in the present case is AFL material itself. This fact may
in the infrared, laser-active materials for the ultraviolet re-promise high-density excitation in favor of nanoscale laser
gion between 180 and 300 nm have been less explored smtion without accompanying any difficulty caused by heavy
far. If a solid-state laser, which emits coherent short-doping of impurities.
wavelength light and has a very small size, becomes a real- A few experiments on light amplification have recently
ity, it will open a way for evolving high-speed information been carried out in pure and mixed AFL materiaisThey
processing devices as well as basic sciences. have revealed a sharpening of the emission spectra and a

For the development of short-wavelength nanolasers, wehortening of the luminescence decay time when AFL is ret-
take notice of utilizing Auger-free luminescerfcA simple  roreflected by a mirror. In this paper we will present more
guantum theory on atoms, molecules, and monoatomic solidefinitive evidence for light amplification of AFL by observ-
states predicts that the energy separation between the neighg directly an enhancement factor, i.e., an optical gain. The
boring electronic levels becomes larger for deeper levels agbtained value leads to a surprisingly large amplification co-
long as they are in a Coulomb-like potential. In such a situ-efficient compared to those of the usual solid-state lasers.
ation, no intense photoluminescence is emitted even if posi- In the present experiment we utilized impurity-associated
tive holes are generated in a shallow-lying core state, beAFL in mixed Rb _,Cs.Cl (x=0.18) crystals. This type of
cause the Auger effect inevitably takes place. Interestinglyuminescence appears in AFL-free alkali halidesy., KCI
enough, this is not the case in some compound materialsr RbC)) containing alkali impurity ions with small ioniza-
where the reverse order of the energy separation can ocction energy. They form the impurity states in the energy gap
for certain levels. When a hole is generated in the outermosbetween the host valence and outermost-core bands, which
core band of these materials, intrinsic luminescence due tprovides an additional channel for radiative decay of the core
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FIG. 1. (8 Luminescence spectrum of a FCs.1£Cl crystal %

measured at room temperature under the excitation with undulato X
radiation at 36 eV. No instrumental correction has been mdaje. ‘
Spectral profile of the probe laser. Inset: Schematic energy-level
diagram showing impurity-associated AFL in mixed rubidium-  FIG. 2. Block diagram of the experimental setup for light am-

cesium chloride crystals.
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plification by using pump-and-probe method. Inside the dotted
circle is an enlarged view of the sample crystal. PM: microchannel-

holes generated on the impurity states. A schematic energjiate-type photomultiplier, THG: third harmonic generator, and
level diagram of mixed R ,Cs,Cl is shown in the inset of penetration depth of the undulator light.

Fig. 1. The AFL arises from radiative transitions of the host

Cl 3p valence electrons to the impurity Cg¢ Xore holes, vacuum chamber. The undulator radiation was incident at
and has a lifetime of about 1 nsec. This AFL spectrum connearly 45° on the sample surface with a spot size of about 1
sists of the main band at 275 nm, the high-energy band ahm in diameter.

240 nm, and the low-energy tail around 325 fifi,as pre- The probe was the third harmonic ligi271.5 nm of a
sented by a solid curvé) in Fig. 1. It has been confirmed mode-locked Ti:sapphire lasgiCoherent Mira 900F A

that the impurity AFL yield in Rb_,Cs.Cl crystals can sig- good spectral coincidence between the probe light and the
nificantly exceed the intrinsic AFL yield in pure CsCl, even main 275-nm AFL band is seen in Fig. 1. The laser light of
at small cesium concentratidfi The observed enhancement 100 fs in pulse width was synchronized with the undulator
of the emission yield has been supposed to be due to thediation by a synchronization systef8ynchroLock. The
decrease of nonradiative surface losses in the region of th&/nchronization jitter was found to be less than 100 ps. As
impurity-core absorption, leading to efficient transformationshown in Fig. 2, the laser light was incident at a right angle
of the incident radiation into photoluminescertédhis fact  to the undulator light. In order to ensure that the probe in-
offers therefore fairly attractive conditions for light amplifi- tensity is much weaker than the pump intensity, the laser

cation.

intensity was carefully reduced to becoming comparable to

The present experiment was basically a pump-and-probghe AFL intensity. The pump and probe beams had nearly the
measurement with synchrotron radiation as pump and lasesame spot size, and were spatially overlapped on the sample
light as probe. Figure 2 depicts the block diagram of oursurface. The laser beam transmitted through the pumped do-
experimental setup at beam line 3A1 of UVSOR facility, main of the sample was observed using a monochromator
Okazaki. With the use of a permanent magnet undulator, this€Jobin-Yvon HR320 equipped with a microchannel-plate-
beam line provides quasimonochromatic light wih\/N  type photomultipliefHamamatsu R2809U
5%, photon flux 18 photons/s mry pulse width 1.5 nsec, The photomultiplier signal was recorded by means of a
and repetition period 11 nsec. The undulator radiation at 3@ime-gated photon counting systéf, employing one-

eV is the most intensé.1 nJ/pulsgat beam line 3A1.

second-wide timing gates. The measurements were per-

The highest yield of the 275-nm luminescence occurdormed at room temperature as follows: In the first second of
when the sample is excited with photons in the region of thehe measurement cyclghase }, both the undulator and
Cs 5p state located at 15 eV below the bottom of the con-laser pulses arrived at the sample position simultaneously,
duction band, which is five times larger than that excitedand the photon counts were accumulated in counter channel
with 36-eV photong? The luminescence signal excited at 36 1 shown in Fig. 2. For the next secoffjphase 2 a phase
eV is, however, greater than that excited at 15 eV, becausghifter inserted between the master oscillator and the syn-
the photon flux of the undulator radiation at 36 eV is aboutchronization circuit was switched on so that the Ti:sapphire
ten times the one at 15 eV. Hence, the undulator radiatiofaser pulse was delayed on about 8 ns to the undulator pulse,
was adjusted to 36 eV in this experiment, corresponding t@nd the photon counts were accumulated in counter channel
the transition from the deep-lying Rbp4core band to the 2. The total photon counts for each channel were in the order

conduction band.

of 5x 10* after 700 measurement cycles. The difference in

A freshly cleaved sample of BRCs 1Ll with 1-mm  the two counts, channel 1- channel 2, thus yielded an en-
thickness was mounted on a rotatable holder installed in Aancement of the probe caused by the pumping. After com-
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oL host RbCl crystal is about 20 nt#!* we can estimate the
(@) amplification coefficienty=7x10*> cm ! from the en-
o hancement factor 1.5%. This value is about two orders of
g ] magnitude larger than those of typical semiconductor lasers;
I eg., y~10® cm! in GaAs-active layer of
8 (b) GaAs-AlLGa,_,As double heterostructure las@rSuch large
c) | value of y promises us that AFL materials have a possibility
ol . ‘ , , of very efficient laser action.
0 1 2 3 4 5 6 Since the enhancement increases with the undulator radia-
Excitation Power (arb. units) tion intensity, we can anticipate laser action if more intense

_ excitation is used to overcome laser cavity loss. Furthermore,
FIG. 3. The measured probe enhancement factor is plotteg shoy|d be noted that no stable coloration and aging effects
against the pump power. The pump powe(bnis 1/5 of thatin(@,  \yere seen after prolonged0-h irradiation of the samples
and that in(c) is effectively zero. The dotted line is a guide to the under 0.9 W/crh of pump irradiance. This fact favorably
eye. suggests that the Rb,Cs,Cl mixed crystals indeed possess
a promising potentiality as a realistic laser medium. When a
pensating time dependence of pump power, and averagirigser medium is pumped with a fixed repetition period as in
the results from five sets of measurements, we obtained theur experiment, mode-locking operation of the laser is ex-
value of 1.5% with dispersion=0.5% for the probe en- pected if its cavity round trip time matches with the repeti-
hancement, which is well beyond a statistical fluctuation oftion period of the pump. In this case, the output laser pulse
0.4%. width as short as 10 fs will be realized by considering the
In order to further verify the enhancement effect of theobserved spectral width30 nm) of the main 275-nm band
probe light, we made the same measurement by changing ttie the present material.
pump power under constant laser intensity. In this experi- For a higher optical gain, the excitation of a thick layer
ment,(a) the pump power was set at maximu¢b) the pump  (>20 nm) is supposed to be preferable. One approach to this
power was reduced by 1/5 by inserting a metal mesh filter irdirection is to use x rays as a pump source. Another approach
the beam line, andc) the spatial overlap of the pump and is to apply a nano lithography technique to our system. It
probe beams was removed, meaning zero excitation at theould be possible to fabricate a one-dimensional periodic
probed region. The results are shown in Fig. 3. Althougharray of Rh _,Cs,Cl crystal with 20-nm thickness on an ap-
there are only three data points, one can see an increase miopriate substrate. When the outermost-core l§@sdsp or
the enhancement factor with increasing the pump powemRb 4p) of each nanocrystal is pumped by photons or elec-
From this figure, it is revealed that there is no possibility thattron beams, amplified AFL is expected to appear along the
the enhancement of the probe signal is due to detection cfrray.
simple fluorescence induced by the laser light. In conclusion, we have observed the light amplification of
The present result of the probe enhancement, as well as ifsFL in mixed rubidium-cesium chloride crystals by pump-
dependence on pump intensity, provides clear evidence faind-probe experiment. The laser-active region of the present
the light amplification of AFL. The undulator radiation at 36 material is a surface layer as thin as 20 nm. This type of light
eV creates holes in the deep-lying Rp 4ore band. These amplification will open up the possibilities for development
core holes relax quickly into the impurity Cep&core band, of nanometer-sized solid-state lasers operating in the ultra-
resulting in the population inversion between the host gl 3 violet region.
valence band and this impurity core band. It is noteworthy
that the population inversion between these two bands is The authors are grateful to Dr. V. B. Mikhailik for pro-
realized without any threshold intensity of excitation. We viding them the Rpg,Cs, 14Cl crystals and for valuable com-
conclude that the obtained probe enhancement is very likelynents on the manuscript. Thanks are also due to Mr. Y.
taken as a light amplification due to stimulated emission inrBokumoto and Mr. J. Murakami for their assistance in the
AFL band. experiment. The present work was partly supported by a
When the enhancement faciois small, the amplification  Grant-in-Aid for Scientific Research from the Ministry of
coefficienty is simply approximated ag=¢/d, whered is  Education, Science, Sports, and Culture of Japan, and was
the penetration depth of the pump light. Taking into accounperformed under the Joint Studies Program of the Institute
the fact that the penetration depth of the 36-eV light into thefor Molecular Science.
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